1] Much attention has been focused on the reaction of the magnetosphere to the solar wind during the recent extended solar minimum (2006)(2007)(2008)(2009)(2010). Although this period was exceptionally quiet when categorized by some parameters (e.g., the number of sunspots) the solar wind still contained features which impacted the Earth's magnetosphere and caused geomagnetic disturbances. Recurrent corotating interaction regions (CIRs) and associated high-speed solar wind streams (HSSs) are typically associated with the declining phase of the solar cycle and were a regular feature of the solar wind during the most recent solar minimum. Here we compare and contrast strong and weak HSSs in the solar wind and their subsequent effect within the Earth's magnetosphere. We find significant differences between strong and weak HSS effects in the plasmasphere, in the ion and electron plasma sheets, and in the outer electron radiation belt. A density-temperature description of the outer radiation belt is shown to shed light on why the radiation belt flux is observed to return at a higher level after the arrival of strong HSSs than before strong HSSs and why the flux is observed to return at a lower level after the arrival of weak HSSs than before weak HSSs.
Introduction
[2] The effect of high-speed solar wind streams (HSSs) on the ionosphere was likely observed even prior to the space age [e.g., Bartels, 1934] . Recurrent 27-day periodicities observed in the ionosphere (and subsequently in the magnetosphere) may be associated with coronal holes-the source of fast solar wind-close to the sun's equator. The recurrent nature of coronal holes, and the subsequent interaction of fast and slow solar wind, gives rise to corotating interaction regions (CIRs) and HSSs [e.g., Tsurutani et al., 2006a, and references therein] .
[3] Recently much attention has been focused on the reaction of the magnetosphere to the solar wind during the most recent extended solar minimum (2006) (2007) (2008) (2009) (2010) . Although this period was exceptionally quiet when categorized by some parameters (e.g., the number of sunspots) the solar wind still contained transient features which impacted the Earth's magnetosphere and caused geomagnetic disturbances. Recurrent CIRs and HSSs are typically associated with the declining phase of the solar cycle [e.g., Tsurutani et al. 1995; Tsurutani et al., 2006a; McPherron and Weygand, 2006; Liemohn and Chan, 2007; Kavanagh and Denton, 2007; and were a regular feature of the solar wind around the most recent solar minimum. Examination of the solar wind velocity, for example from measurements by the ACE satellite, indicates that as the most recent solar cycle progressed the HSSs tended to be of shorter duration with lower peak speeds than earlier in the cycle. Since HSSs are known to cause changes in the density and temperature of various plasma populations (e.g., ionosphere, plasma sheet, plasmasphere, radiation belt) it is important to investigate how the "strength" of HSSs (peak velocity and duration of fast wind) affects these changes.
[4] In this study we examine solar wind and geomagnetic plasma data and select a set of 22 "weak" HSSs which occurred between 2005 and 2007. The effect these events have on the electron and ion populations in various regions of the magnetosphere is studied and then compared with the effect of more robust "strong" HSSs that have been investigated previously using superposed epoch techniques. We also aim to determine whether a high-speed, solar-windstream-driven storm has a threshold effect, i.e., whether weaker driving results in weaker storm signatures or an absence of storm signatures. The terms weak and strong relate to the comparative duration and the fast solar wind and the peak velocity of the fast wind, and they are defined in detail below. Specifically, we investigate conditions in the solar wind, the plasmasphere, the ion and electron plasma sheets, and the outer electron radiation belt during weak HSSs and compare with the response of these populations during strong HSSs. By investigating various regions of geospace, and the changes which occur following onset of these repeatable events, we aim to document the strongversus-weak system response of the magnetosphere during HSSs. Do all HSSs elicit the same response? Is the response linear? Are some parts of the system affected more than others during HSSs of different strength? Our results indicate that important differences in the magnetospheric response occur for weak HSSs compared to strong HSSs and that the duration of extended driving due to elevated solar wind velocity is an important cause of these differences. We show that a density-temperature description of the outer electron radiation belt has the potential to reveal new understanding of the phenomena of energetic electron flux dropouts during strong and weak HSSs. We conclude that when studying the dynamics of plasmas within the magnetosphere in response to HSSs it is crucial to consider the solar wind driver, its strength, and its time history, rather than to rely solely on internal magnetospheric indices.
Analysis: Event Selection and Data Sources
[5] Two sets of events are used in this study. The first set of "strong" events and subsets thereof (93 HSS events between 1993 and have previously been utilized to investigate thermal and energetic particle populations in the magnetosphere with respect to plasma evolution around geosynchronous orbit , plasmaspheric drainage plumes , the pre-storm decay of the radiation belts [Borovsky and Denton, 2009b] , relativistic-electron flux dropouts and recoveries [Borovsky and Denton, 2009a] , plasma-transport timescales [Denton and Borovsky, 2009] , the heating of the outer electron radiation belt [Borovsky and Denton, 2010b] , the magnetic field morphology of the magnetosphere [Borovsky and Denton, 2010a] , and the anisotropy of the outer electron radiation belt [Borovsky and Denton, 2011b] . The 93 events used here were selected based on solar wind conditions recorded in the OMNI2 data set [King and Papitashvili, 2005] . The selection criteria for these "strong events" are defined as follows: (a) a clear west-to-east shear in the y-component of the solar wind velocity (which is indicative of the boundary between slow and fast wind), (b) the solar wind speed exhibits a sudden increase to speeds in excess of 550 km s À1 , (c) a local maximum in the solar wind density (indicative of the compression of slow solar wind by the following fast solar wind), and (d) an increase in the Kp index such that it exceeds 4 in the period immediately after the velocity shear. The precise zero epoch [Ilie et al., 2010] for the events is the sudden onset of magnetospheric convection detected after the arrival of a HSS at the magnetopause as determined from the Midnight Boundary Index (MBI) [Denton and Borovsky, 2009 ]. The MBI is closely correlated with Kp and denotes the geographic latitude of the equatorward edge of precipitation [Gussenhoven et al., 1983; Elphic et al., 1999; Thomsen, 2004] . The duration of fast wind during these strong events is $4-5 days.
[6] A new set of "weak" events occurring between 2005 and 2007 was constructed for comparison in this current study. This list of weak events comprises 22 HSSs selected based on solar wind conditions recorded in the OMNI2 data set [King and Papitashvili, 2005] . In brief these events were selected based on the following criteria; (a) a clear west-toeast shear in the y-component of the solar wind velocity (which is indicative of the boundary between slow and fast wind), (b) the solar wind speed exhibits a sudden increase to speeds in excess of 450 km s À1 , (c) a local maximum in the solar wind density (indicative of the compression of slow solar wind by the following fast solar wind), and (d) an increase in the Kp index such that it exceeds 3 in the period immediately after the velocity shear. Given the nature of the solar wind during the most recent declining phase and around solar minimum there were many equatorial coronal holes coexisting on the sun which led to repeated HSSs separated by only a few days as measured in the solar wind. There is thus no requirement for an extended calm period of days in the period prior to zero epoch. We note that the selection of these weak events is more difficult than the previous selection of strong events due to the reduced solar wind and magnetospheric HSS signature (resulting in a lower signal-to-noise ratio). A number of events were rejected due to uncertainty in whether the HSSs were accompanied by other transient solar wind conditions (e.g., the presence of ejecta). The duration of fast wind during these weak events is $2 days.
[7] To reveal the solar wind conditions during these events four parameters from the OMNI2 database [King and Papitashvili, 2005] are studied. These are: (a) the magnitude of the solar wind velocity, (b) the y-component of the solar wind velocity, (c) the solar wind density, and (d) the product of the solar wind velocity and the negative z-component of the magnetic field, ÀvB z a proxy for the coupling between solar wind and magnetosphere. The subsequent geomagnetic conditions are revealed by study of the Kp index (a proxy for global magnetospheric convection), the MBI (a higher time resolution proxy for magnetospheric convection), the PCI (Polar Cap Index, a parameter closely correlated with the dayside reconnection rate) [Troshichev et al., 1988] , the Dst index (a proxy for the ring current or partial ring current strength [Liemohn et al., 2001] ), and the modified Dst* index (the so-called pressure-corrected Dst-i.e., the Dst index with the effect of dayside magnetopause currents removed).
[8] To investigate how plasma parameters in the magnetosphere change before, during, and after HSS arrival at the magnetopause we study measurements of ions and electrons at geosynchronous orbit at various energies as outlined in the following three paragraphs:
[9] 1. For investigation of the plasmasphere and plasmaspheric drainage plume we utilize measurements of the cold ($1 eV) ion population made by the Magnetospheric Plasma Analyzer (MPA) flown on seven Los Alamos National Laboratory (LANL) satellites from geosynchronous orbit (GEO) in the period under study. A detailed description of this instrument is given by Bame et al. [1993] , and the data analysis technique used to derive the cold ion density (as well as the hot ion and electron parameters) is described by Thomsen et al. [1999] . Previous studies of the cold ion behavior at GEO are contained in a number of studies [e.g., Elphic et al., 1996; Lawrence et al., 1999; Su et al., 2001; Denton et al., 2005] . Measurements of cold ion density, the percentage occurrence of high density cold plasma (>10 cm À3 ), and the cold ion flow speed are utilized in this study and we investigate how these parameters change as a function of epoch time.
[10] 2. For investigation of the plasma sheet population we utilize measurements of the hot ($0.03-45 keV) ions and electrons also made by the MPA instruments flown on seven LANL satellites in geosynchronous orbit . Previous studies of hot ion and electron behavior at GEO are contained in a number of studies [e.g., McComas et al., 1993; Borovsky et al., 1998a; Korth et al., 1999; Denton et al., 2005; Lemon and O'Brien, 2008; MacDonald et al., 2008; Thomsen et al., 2011] . Measurements of hot ion and electron density and hot ion and electron temperature are utilized in this study.
[11] 3. For investigation of the outer electron radiation belt we utilize measurements of the energetic electrons ($0.045-2.0 MeV) made by the Synchronous Orbit Particle Analyzer (SOPA) instruments onboard LANL satellites in geosynchronous orbit. A detailed description of this instrument is given by Belian et al. [1992] and Cayton and Belian [2007] . The methodology utilized to derive density and temperature from the data is described by Cayton et al. [1989;  see also Cayton and Belian, 2007] . In brief SOPA detectors measure count rates of electrons in the energy range $30 keV to >2 MeV every 10 s. The count rates (spin-averaged) are then used to determine differential measurements of flux. To generate density and temperature measurements the spin-averaged SOPA count rates are fitted with two relativistic Maxwellian components in addition to a flat "background" included to account for the quasi-constant flux of penetrating particles. The two Maxwellians pertain to a "soft" low-energy population (electrons with a distribution temperature $30 keV) and a "hard" high-energy population (electrons with a distribution temperature $150 keV) [Cayton and Belian, 2007; Denton et al., 2010] . Relativistic bi-Maxwellian fits have previously been shown to be good fits to omnidirectional electron fluxes at geosynchronous orbit Pierrard and Lemaire, 1996] . The lowerenergy population is the suprathermal tail of the electron plasma sheet (typically associated with substorm injections) [Lezniak et al., 1968; Cayton et al., 1989; Birn et al., 1998 ], while the harder spectra is the outer electron radiation belt Belian et al., 1996] . For every half-hour of data median values of the temperature and density fits are calculated and these medians are used in the current study. A density-temperature description of the radiation belts is fundamental in that the number density is a measure of the number of electron in the belt and the temperature is a measure of the spread of the particle distribution in velocity space. When the density goes up or down it indicates that electrons have arrived at or left the vicinity of the measuring spacecraft; when the temperature goes up or down it is an indication of heating or cooling (by selective loss), or that 'new' electrons with a different energy spectrum have arrived. The differential flux is linearly proportional to the number density but is a nonlinear, non-monotonic function of the temperature. When the flux goes up or down, it is very difficult to infer what is happening with the radiation-belt electron population. Along with the density-temperature description of the radiation belt, the more familiar flux picture is investigated utilizing pitchangle-averaged and local-time-averaged fluxes from SOPA (described in detail by Borovsky and Denton [2009a] ) and pitch-angle-resolved fluxes measured around midnight (described in detail by Borovsky and Denton [2011b] ).
Results

Solar Wind
[12] Superposed solar wind quantities are plotted in Figure 1 , which contains the superposed mean (thick black lines), median (thick light-blue lines), upper quartile (thick red lines), and lower quartile (thick purple lines) of various parameters for the 93 strong (left column) and 22 weak (right column) HSSs investigated in this study, from 5 days before to 5 days after zero epoch. The superposed average of the solar wind velocity (V SW ) is shown in the top row, with the y-component of the velocity (Vy) in the second row, the solar wind density (N SW ) in the third row, and product of solar wind velocity and inverse of the z-component of the magnetic field (ÀvB z ), a proxy for coupling between solar wind and magnetosphere, plotted in the fourth row. The top row also contains the individual traces of V SW for each event (one color for each) to show the typical spread in values; these are omitted from the lower plots for clarity. Given that there are fewer events in the superposed analyses the statistics are somewhat less clear for the weak events compared to the strong events. However, meaningful conclusions can still be drawn.
[13] The average solar wind velocity (top row) slowly decreases to a local minima around zero epoch just prior to the rapid transition between fast and slow solar wind (characterized by the shear observed in the y-component of the solar wind velocity (second row). The density in the solar wind (third row), magnetic field magnitude (fourth row), and ÀvB z (bottom row) show the same average trends for the strong and weak events. The main differences between strong and weak events are: (1) the maximum solar wind velocity is higher for the strong events compared to the weak events ($600 km s À1 compared to $500 km s À1 ), and (2) the period of elevated fast solar wind persists for much longer for the strong events compared to the weak events; i.e., solar wind velocities exceed 500 km s À1 until $5 days after zero epoch for the strong events, while in contrast for the weak events the solar wind speed falls below $400 km s À1 after $3 days. (Note: for the weak HSSs it is clear from examination of the solar wind that the wind speed starts to rise again after $2-3 days after zero epoch, indicating the start of another HSS). The extended duration of elevated solar wind velocity results in the coupling between solar wind and magnetosphere (proxied by ÀvB z ) being greater for the strong HSSs than for the weak HSSs.
Geomagnetic Activity
[14] Superposed geomagnetic activity parameters are plotted in Figure 2 , which shows the superposed mean (thick black lines), median (thick light-blue lines), upper quartile (thick red lines), and lower quartile (thick purple lines) of various parameters for the 93 strong (left column) and 22 weak (right column) HSSs investigated in this study, from five days before to five days after zero epoch. The superposed average of the Kp index is shown on the top row, with the MBI in the second row, the PCI in the third row, the Dst index in the fourth row, and the derived Dst* index in the bottom row. The top row also contains the individual traces of Kp for each event (one color for each) to show the typical spread in values; these are omitted from the lower plots for clarity.
[15] The trends of in all five parameters shown in Figure 2 are similar for the strong and weak events. For both the strong and weak HSS events enhanced geomagnetic activity (parameterized by Kp, MBI, PCI, Dst, and Dst*) commences sharply at zero epoch and then declines smoothly to preevent levels. Magnetospheric convection (proxied by Kp and MBI) remains elevated for days following zero epoch, as does the rate of dayside reconnection (proxied by PCI). Two clear differences between strong and weak events are apparent: (1) average geomagnetic activity (Kp index) in the period prior to zero epoch falls to a lower level for the weak events compared to the strong events, and (2) the elevated activity after the zero epoch is sustained for longer for the strong HSS events ($5 days) than for the weak HSS events ($2 days). These tally closely with the durations of elevated solar wind velocity shown in Figure 1 (top row). The extended period of fast wind (coupled with southward IMF) drives the elevated levels of geomagnetic activity. Note: the strength of the ring current (proxied by the Dst and Dst* indices) shows only a weak response to HSS arrival (typical maximum average reduction in Dst is $20-40 nT consistent with only very minor storm activity): the magnetosphere driven by HSSs does not contain a highly effective ring current or partial ring current.
Plasmasphere
[16] Figure 3 contains plots of parameters pertaining to plasmasphere behavior during HSSs plotted as a function of epoch time (x axis: 1 h time resolution) and local time around geosynchronous orbit (y axis: 1 h time resolution) from 5 days before to 5 days after zero epoch. Each plot contains the average of more than 60, 000 independent data points (weak events) with plots for the 93 strong HSSs shown in the left column and plots for 22 weak HSSs shown in the right column. The superposed average of the cold ion density ($1 eV) is shown in the top row, with the percentage occurrence that the cold ion density exceeds 10 cm À3 shown in the middle row, and the cold ion equatorial-plane flow speed shown in the bottom row. The percentage occurrence of high density cold plasma (middle row) following zero epoch highlights the presence of plasmaspheric plume material typically detected at GEO in the afternoon sector [e.g., Chappell, 1974; Chen and Grebowsky, 1974; Spiro et al., 1981; Elphic et al., 1996; Borovsky and Denton, 2006a] .
[17] It is clear that there significant differences between the strong and weak HSS events, despite the similarities in the geomagnetic indices for each type of event at zero epoch. In general the density of cold plasmaspheric ions (top row) increases prior to zero epoch. This occurs during the reduced geomagnetic activity (the "calm before the storm") prior to HSS arrival at the magnetopause [Borovsky and Steinberg, 2006; Borovsky and Denton, 2009b] . The outer plasmasphere fills during intervals of low geomagnetic activity and may grow to extend to beyond geosynchronous orbit [Sojka and Wrenn, 1985; Su et al., 2001] , particularly in the afternoon/dusk sector [Chappell et al., 1970; Carpenter et al., 1993] . The plasmasphere density prior to HSS onset is much higher for the weak events than for the strong events. This is expected since the level of geomagnetic activity prior to HSS onset is lower for the weak events than for the strong events (see Figure 2 ). Subsequently the detection of high density cold plasma (middle row) following zero epoch is much greater for the weak events than for the strong events. This is consistent with plasmasphere material (from a comparatively denser plasmasphere during the weak HSSs) being convected to the dayside in a plasmaspheric plume [Borovsky and Denton, 2006a; Borovsky and Denton, 2008] . The cold ion flow speed in the equatorial plane (bottom row) also fits this picture. For both weak and strong events the cold ions are corotating prior to HSS arrival with the speed maximized around dawn and dusk. Following the onset of geomagnetic activity (and convection) the plasmaspheric material moves to the dayside with an average convection speed of $12-16 km s À1 for the strong HSS events and an average convection speed of $8-12 km s À1 for the weak HSS events [cf. Denton et al., 2007; Borovsky and Denton, 2008] .
Plasma Sheet
[18] Figure 4 contains plots of parameters pertaining to the plasma sheet behavior during HSSs plotted as a function of epoch time (x axis: 1 h time resolution) and local time around geosynchronous orbit (y axis: 1 h time resolution) from 5 days before to 5 days after zero epoch. Each plot contains the average of more than 60, 000 independent data points (weak events) with plots for the 93 strong HSSs shown in the left column and plots for 22 weak HSSs shown Figure 2 . Superposed averages of magnetospheric indices for 93 strong HSSs (left column) and 22 weak HSSs (right column) from five days before to five days after zero epoch). The plots show changes in the Kp index (top row), the MBI (second row), the PCI (third row), the Dst index (fourth row), and the derived Dst*, pressure-corrected, index). For each plot the thick black line denotes the mean, the thick light-blue line denotes the median, the thick red line denotes the upper quartile, and the thick purple line denotes the lower quartile, respectively. In the first row the individual traces of Kp are shown by the thin colored lines (one color per event).
in the right column. The superposed average of the hot ion density ($0.03-40 keV) is shown on the top row, with the hot ion temperature shown on the second row, the hot electron density ($0.1-40 keV) shown on the third row, and hot electron temperature shown on the bottom row.
[19] The plasma sheet parameters shown in Figure 4 demonstrate similar average trends for both the strong and weak HSS events. At zero epoch the onset of convection is accompanied by a sharp increase in the average hot ion density (top row) and the average hot electron density (third row) on the nightside and in the dawn/dusk sectors, which lasts <1 day (and is briefer for the weak events). This is consistent with the entry of high-density solar wind (third panel of Figure 2 ) into the magnetosphere to produce a superdense plasma sheet [Borovsky et al., 1998a; Denton and Borovsky, 2009] . The ion temperature (second row) and the electron temperature (bottom row) show sudden increases at zero epoch, and these persist for a number of days. For the ions (second row) the temperature is elevated for $3 days for the strong events and $2 days for the weak events. For the electrons (bottom row) the temperature is elevated for $5 days for the strong events and $1.5 days for . Superposed averages of plasma sheet parameters measured at geosynchronous orbit for 93 strong HSSs (left column) and 22 weak HSSs (right column) from five days before to five days after zero epoch). The plots show changes in the hot ion density (top row), hot ion temperature (second row), hot electron density (third row), and hot electron temperature (bottom row). Prior to zero epoch the electron and ion plasma density falls to low values (and the plasma sheet itself is assumed to be tailward of geosynchronous orbit on the nightside. Immediately following zero epoch the electron and ion density and temperature increase sharply and the plasma measured is assumed to be freshly injected plasma sheet material.
the weak events. It should be emphasized that the calculations of 'bulk' plasma sheet temperature and density discussed here cover the energy range $0.03-45 keV. This energy interval spans the range of plasma sheet energies including the high energy tail, the suprathermal population. This is discussed separately in section 3.5. A detailed description and discussion of the "extra-hot" plasma sheet driven by fast solar wind previously observed for the strong HSS events may be found in Denton and Borovsky [2009] . (Note: the superhot, superdense plasma sheet is distinct from the cold dense plasma sheet which is correlated with extended periods of northward IMF [Thomsen et al., 2003; Lavraud et al., 2005 Lavraud et al., , 2006 ] and may also be detected at GEO following the onset of geomagnetic activity). The plasma sheet electron temperature at GEO is known to correlate very well with solar wind velocity [Borovsky et al., 1998a] , and this has important implications for satellite operations and subsequent instrument longevity (see Appendix A).
Outer Electron Radiation Belt and Suprathermal Plasma Sheet
[20] Figure 5 contains plots of the multisatellite, localtime-averaged energetic electron flux measured at geosynchronous orbit as a function of epoch time from five days before to five days after zero epoch (3-h bins in epoch time are used in the averaging). The plots contain the superposed mean (thick black lines), median (thick light-blue lines), upper quartile (thick red lines), and lower quartile (thick purple lines) of the flux for 93 strong (left column) and 22 weak (right column) HSSs investigated in this study).
[21] For the strong HSS events (left plot) the average flux exhibits a slow decline prior to zero epoch, a rapid decrease close to zero epoch and reaches a minimum (the flux "dropout") within a few hours of the HSS arrival at the magnetopause. Over the following days the flux recovers and reaches a level in excess of its average pre-storm value.
The reduction in flux prior to storm onset, and the dropout behavior itself, have previously been explained in terms of losses due to the growth of the plasmasphere during the calm before the storm [Borovsky and Steinberg, 2006; Borovsky and Denton, 2009b] , combined with a sudden reduction in flux at storm onset [Freeman, 1964; Nagai, 1988; Onsager et al., 2002; Morley et al., 2010] . For the weak HSS events (right plot) the flux exhibits a similar dropout following HSS arrival at the magnetopause and a similar recovery. There is little evidence of a reduction in flux prior to zero epoch (even though these events exhibit very calm geomagnetic conditions prior to zero epoch) and upon recovery the average flux does not achieve its pre-storm level. The average flux has previously been reported to recover to levels below, equal to, or in excess of its pre-storm value [Reeves et al., 2003] . We draw no conclusions as to the causes of the dropout itself (whether losses are due to scattering, transport, or magnetopause shadowing).
[22] The local time dependence of energetic electrons at GEO is strong due to so-called drift shell splitting [Hones, 1963; Pfitzer et al., 1969; Selesnick and Blake, 2002] , wherein electrons of different pitch angles follow different drift paths as they orbit the Earth. To investigate the pitch angle behavior of energetic electrons at geosynchronous orbit during HSSs we examine pitch angle resolved fluxes close to local midnight only. Figure 6 value at a particular energy for AE35 days around the zero epoch). The top row shows the normalized flux for pitch angles between 15 and 25 ($parallel) and the second row shows the normalized flux for pitch angles between 85 and 95 ($perpendicular). The plots on the third and fourth rows pertain to the energetic electron flux as a function of epoch time (x axis: 1 h bins) and pitch angle (y axis: 18 pitch angle bins) for a specific energy range. The third row shows the flux for energies between $30 and 60 keV (suprathermal plasma sheet) and the fourth row shows the flux for energies between $1.3 and 1.7 MeV (outer electron radiation belt).
[23] The results plotted in Figure 6 reveal important differences between flux behavior during strong HSSs compared to flux behavior during weak HSSs. For the strong HSS events the quasi-parallel fluxes (left column, top row) slowly decrease prior to zero epoch with the lower energies ($60 keV) slowly falling for up to $2 days before HSS arrival. This corresponds to the period when geomagnetic activity becomes very weak and hence the lower energy electrons (with $suprathermal plasma sheet energies) follow drift paths that may not cross geosynchronous orbit [Korth et al., 1999] . Close to zero epoch the higher energy fluxes (>1 MeV) fall rapidly (the dropout) and remain at low values for $1.5 days. As the recovery from dropout proceeds, the higher energy electron fluxes are elevated in excess of their pre-storm values. The overall picture is one in which the low energy fluxes return very quickly ($hours) following HSS arrival while the higher energy electrons recovery over a more extended period ($days). For the weak HSS events the quasi-parallel electron fluxes (right column, top row) exhibit behavior similar to that of the strong HSS events prior to dropout. However, in the period following zero epoch the fluxes at high energies (>1 MeV) take longer to recover, and the flux level does not exceed the pre-storm value. The behavior of the quasi-perpendicular electron fluxes (second row) is similar to that of the quasi-parallel fluxes; however, for both the strong HSS (left column) events and the weak HSS (right column) events, the reduction in flux for quasi-perpendicular electrons is comparatively greater than for quasi-parallel electrons at storm onset, as is the increase in flux during the recovery from dropout. We draw no conclusions as to the causes of the dropout (whether losses due to scattering, transport, or magnetopause shadowing).
[24] The pitch angle distributions of the electrons in the suprathermal plasma sheet ($60 keV) at midnight are shown in the third row of Figure 6 for strong HSS events (left column) and weak HSS events (right column). The midnight suprathermal electron distribution for the strong HSSs is typically quasi-isotropic throughout with the flux falling slowly prior to zero epoch and recovering to values in excess of the pre-storm flux level at storm onset. For the weak HSS the suprathermal electron distribution is initially quasiisotropic $4 days prior to zero epoch and becomes increasingly perpendicular close to zero epoch, consistent with losses due to scattering and other processes which occur preferentially for electrons with parallel pitch angles. Around zero epoch the distribution becomes quasi-isotropic once more, consistent with the injection of fresh plasma sheet electrons [cf. Denton et al., 2005] .
[25] The pitch angle distributions of the highly energetic electrons (>1 MeV) at midnight are shown in the bottom row of Figure 6 and are strongly anisotropic prior to HSS arrival, with both strong HSS events (left column) and weak HSS events (right column) exhibiting so-called "butterfly" distributions [Fritz et al., 2003] dominated by parallel fluxes. The fluxes of the electrons for strong HSS events at all pitch angles reduce rapidly close to zero epoch and recover $1 day following zero epoch with flux levels exceeding their prestorm value. During the weak HSS events the flux levels also dropout close to zero epoch and recover after $1 day, but the flux never achieves its pre-storm value.
[26] Although the behavior of the outer electron radiation belt is typically described in terms of the fluxes measured over a particular energy range, as discussed immediately above, it is also important to realize that the flux measured at a spacecraft is dependant on the underlying physical quantities, the density and the temperature, of the electron distribution. These quantities have previously been shown to potentially reveal a clearer picture of the physics of the outer electron radiation belt and energetic particles in the magnetotail operating during HSSs and during other dynamic geophysical conditions [Borovsky et al., 1998b; Borovsky and Cayton, 2011; Denton et al., 2010; Denton and Cayton, 2011; Borovsky and Denton, 2011a] . Section 2 contains details of how the SOPA measurements of flux can be fitted with relativistic bi-Maxwellians to give density and temperature values for co-located "soft" and "hard" populations of electrons. The soft low-energy population is the suprathermal plasma sheet (temperature of distribution $30 keV) and the hard population is the outer electron radiation belt (temperature of distribution $150 keV). Figure 7 contains plots showing the behavior of these plasmas calculated using the methodology described in section 2 and also in Cayton et al. [1989] and Cayton and Belian [2007] . The plot contains the superposed average parameter as a function of epoch time (x axis: 1 h bins) and local time (y axis: 1 h bins) with the left column pertaining to the 93 strong HSSs and the right column pertaining to the 22 weak HSSs. The plots contain the mean value of each parameter from five days before to five days after zero epoch. The top row shows the superposed mean energetic electron density, the second row shows the superposed mean energetic electron temperature, the third row shows the superposed mean suprathermal electron density and the bottom row shows the superposed mean suprathermal electron temperature.
[27] The average outer electron radiation belt density (Figure 7 , top row) exhibits a clear series of changes prior to, during, and after the arrival of HSSs for both strong HSSs (left plot) and weak HSSs (right plot). For the strong HSSs the density falls slowly prior to zero epoch and then undergoes a sudden dropout a few hours before HSS onset. This occurs as a result of the compressed slow solar wind impacting on the magnetosphere [Gosling et al., 1978; Borovsky and Denton, 2009a] The dropout lasts a few hours and then recovery occurs with the density increasing to values much higher than those before the storm. The picture is similar for the weak HSSs and (in contrast with the fluxes summarized in Figures 5 and 6 ) the density again exceeds its pre-storm value. The temperature of the outer electron radiation belt distribution (second row) indicates that for strong HSSs (left plot) the electron distribution is at a roughly constant temperature prior to zero epoch, falls rapidly around zero epoch, and then recovers and increases over the next few days to a level in excess of its pre-storm value. For weak HSSs (right plot) the temperature is roughly constant prior to zero epoch, falls sharply around zero epoch, and then recovers slowly over the next few days. In contrast to the strong HSSs, the temperature remains much lower than its pre-storm level. The obvious conclusion to draw from the density and temperature behavior is that the density recovers and indeed exceeds its pre-event level. Following dropout a population of electrons returns to GEO during both weak and strong HSSs. However, this population is at a lower temperature during weak HSSs than during strong HSS. In addition the heating of the electrons over the subsequent days appears greater during the strong HSSs than during the weak HSSs. We draw no conclusions as to the causes of the dropout itself.
[28] Figure 7 also contains plots of the averaged suprathermal plasma sheet density (third row) and temperature (bottom row) for strong HSSs (left column) and weak HSSs (right column). These plots demonstrate behavior that is different to that found in the bulk plasma sheet (Figure 4 ) and summarized in section 3.4. It should be noted that the suprathermal population has very different access to geosynchronous orbit than the bulk plasma sheet population and hence we may expect different behavior when we compare the suprathermal density and temperature (Figure 7) to that for the bulk plasma sheet (Figure 4) . The suprathermal electron density at GEO slowly falls prior to zero epoch and then increases sharply at HSS arrival for both strong and weak events. The density remains above pre-storm levels during the strong events for at least four days as elevated levels of magnetospheric convection are sustained (see Figure 2 ). For the weak events the suprathermal electron density remains elevated above pre-storm levels for a couple of days but then falls again once magnetospheric convection is reduced (see Figure 2 ). The temperature of the suprathermal electron plasma sheet (bottom row) is roughly constant prior to zero epoch for both weak and strong HSSs falling to a minimum close to HSS arrival. The electron temperature returns to, or exceeds, the pre-storm level for both weak and strong HSSs roughly one day after zero epoch.
Discussion
[29] The overall picture to be drawn from the above analyses, and from the results shown in Figures 1-7 , is of a magnetospheric system during HSSs which is driven, and responds, primarily to changes in the solar wind. Detailed descriptions of the timing of changes in the magnetosphere in response to the arrival of HSSs at the magnetopause have been given in earlier studies [see Borovsky and Denton, 2009a , Table 1 ], along with the estimated transport times of plasma from the solar wind to the inner magnetosphere [Denton and Borovsky, 2009 ]. Below we list the observations outlined in section 3 and discuss their implications for the dynamics of the magnetosphere system as a whole.
[30] The main difference between the weak HSSs and the strong HSSs studied in this report is the peak level of solar wind velocity and the duration that fast solar wind bathes the magnetosphere. The average peak velocity for the strong HSSs is $600 km s À1 compared to $500 km s À1 for weak HSSs (see Figure 1 ). The duration of the fast solar wind is $4-5 days for the strong HSSs compared with $2 days for the weak HSSs (see Figure 1 ). Other averaged solar wind parameters (e.g., density, magnetic field magnitude) are very similar between the two types of events. This leads us to conclude (as others have done previously) that the solar wind velocity, in combination with the southward component of the IMF (ÀvB z ) are the variables which largely govern the magnetospheric response to HSSs.
[31] Investigation of the geomagnetic indices during weak and strong HSSs indicates that the level of magnetospheric convection (proxied by Kp and MBI) is elevated for the same duration as that of elevated solar wind speed. The dayside reconnection rate (proxied by PCI) is also elevated while the solar wind speed remains high. In contrast, while the ring current and partial ring current (proxied by Dst and Dst* indices) do respond to weak and strong HSSs, the perturbation in Dst is weak indicating a weak ring current.
[32] With regard to the dynamics of the inner magnetosphere the period of calm that precedes HSSs is of great importance. The density in the plasmasphere is greater during extended periods of calm (weak HSS events) and hence the plasmaspheric plume density following convection onset Figure 7 . Superposed averages of density and temperature for electrons in the radiation belt and electrons in the suprathermal plasma sheet measured at geosynchronous orbit for 93 strong HSSs (left column) and 22 weak HSSs (right column) from five days before to five days after zero epoch). The plots show changes in the radiation belt electron density (top row), radiation belt electron temperature (second row), suprathermal electron density (third row), and suprathermal electron temperature (bottom row). The radiation belt electron density displays a dropout and sudden recovery to greater than its predropout level for both strong and weak HSSs. The radiation belt electron temperature is higher than its pre-dropout value for the strong HSSs and lower than its pre-dropout value for the weak HSSs. The lower energy electrons display a density increase close to zero epoch (fresh injection of plasma sheet material).
is greater for weak HSS events than for strong HSS events However, the plumes are of shorter duration for the weak HSSs and persist only while magnetospheric convection is elevated. If pitch angle scattering by EMIC waves inside plasmaspheric plumes is an important loss process for radiation belt electrons [e.g., Kovalevskiy, 1980 Kovalevskiy, , 1981 Jordanova et al., 2006; Thorne et al., 2006; Summers et al., 2007; Rodger et al., 2008; Borovsky and Denton, 2009a; Fraser et al., 2010] , then clearly the strength of HSS is important for radiation belt losses also. Similarly, if pitch angle scattering by plasmaspheric hiss [e.g., Lyons et al., 1972; Meredith et al., 2006; Lam et al., 2007; Borovsky and Denton, 2009b] occurs during the calm prior to HSS onset, then the higher density levels in the plasmasphere prior to weak HSSs should cause a different level of scattering in comparison to that found during strong HSSs where the plasmasphere is less dense prior to HSS arrival.
[33] The plasma sheet exhibits similar behavior during strong HSSs as during weak HSSs with the main difference being (1) the duration of superdense plasma sheet that occurs early in the storm, and (2) the duration of elevated temperatures in the ion and electron plasma sheets associated with the duration of the fast wind. Both (1) and (2) are longer for strong HSS events than for weak HSS events. In the case of the plasma sheet, weak driving gives a weak response. Specifically the average temperature of the plasma sheet (particularly the electron plasma sheet) remains elevated while ever fast solar wind bathes the magnetosphere [see also Borovsky et al., 1998a; Denton and Borovsky, 2009] . This is of the order of 1-2 days for weak HSSs and $5 days for the strong HSSs examined in this study. Plasma sheet temperature is an important parameter for plasma diamagnetism [Borovsky et al., 1998b; Borovsky and Denton, 2010a] , for ring current injections [Ebihara and Ejiri, 2000; Liemohn et al., 2001; Kozyra and Liemohn, 2003; Lavraud et al., 2005 Lavraud et al., , 2006 , and for spacecraft charging [DeForest, 1972; Hastings and Garrett, 1996; Borovsky et al., 1998b; Denton et al., 2006 ].
[34] The outer electron radiation belt is known respond to solar wind velocity [Paulikas and Blake, 1979; Fung and Tan, 1998; Desorgher et al., 1998; O'Brien et al., 2001; Vassiliadis et al., 2002; Reeves et al., 2011] to the solar wind magnetic field , and to the solar wind number density [Lyatsky and Khazanov, 2008; Borovsky and Denton, 2010b; Balikhin et al., 2011] . For the HSS-driven events examined in this study a description of the outer radiation belt in terms of the temperature and density (Figure 7) is found to be useful in explaining changes in the radiation belt. The plots in Figure 5 and Figure 7 make clear that for strong HSSs the higher flux after the flux dropout, compared to the flux prior to dropout (see Figure 5 , left plot), is due to an increase in the temperature and the density of the electron distribution over their pre-HSS values (Figure 7 , right column, first and second row). For the weak HSSs the lower flux observed after the dropout, compared to the flux prior to dropout (see Figure 5 , right plot), is due to the much lower temperature of the electron distribution after the dropout (Figure 7 , right column, first row), despite the higher density after the dropout than before the dropout (Figure 7, right column, second row) . The before-to-after changes in the flux levels can be explained in a straightforward manner in terms of the evolution of the physical parameters of density and temperature.
Conclusions and Summary
[35] The response of various plasma populations in the magnetosphere has been investigated during 93 strong HSSs and during 22 weak HSSs. Analysis has revealed that the magnetospheric system response, as categorized by measurements of different plasmas at geosynchronous orbit, is well correlated with the duration of elevated solar wind velocity (periods of fast solar wind sourced from coronal holes) and with the resulting elevated magnetospheric convection and dayside reconnection rate.
[36] The findings of this study can be summarized as follows:
[37] 1. To understand the response of many of the plasmas within the magnetosphere during HSSs it is necessary to consider the solar wind driver and its time history (e.g., velocity, duration of elevated velocity, presence of a calm) rather than relying on a snapshot of the solar wind parameters or on examination of internal magnetospheric indices alone.
[38] 2. The weak HSSs studied here are on average accompanied by plasmaspheric plumes which have a higher density than those found during strong HSSs. This is largely due to the extended period of low geomagnetic activity for the weak HSSs which allows the plasmasphere to fill to a higher density prior to HSS arrival. This result has implications for potential losses of radiation belt electrons by pitch angle scattering due to EMIC waves within plasmaspheric plumes or for potential losses due to plasmaspheric hiss.
[39] 3. The response of the plasma sheet electron and ion densities and temperatures are correlated with the strength of HSSs. Specifically weak driving produces a weak response. The arrival of HSSs results in a superhot, superdense electron and ion plasma sheet. The duration of this superdense phase depends upon the duration of the compressed highdensity solar wind ($1 day for strong HSSs and a few hours for weak HSSs). The duration of the superhot phase depends upon the duration of the fast wind (several days for strong HSSs and $2 days for weak HSSs) [Denton and Borovsky, 2009] .
[40] 4. The local-time-averaged multisatellite flux (1.1-1.5 MeV) of electrons in the outer radiation belt before the arrival of weak HSSs (and before the flux dropout) is higher than the local-time-averaged flux level measured after the arrival of weak HSS (and after the flux dropout). The flux (1.1-1.5 MeV) of electrons in the outer radiation belt before the arrival of strong HSSs (and before the flux dropout) is lower than the average flux level measured after the arrival of strong HSSs (and after the flux dropout). A densitytemperature description of the outer electron radiation belt indicates that the density recovers from dropout to higher than pre-storm levels during both strong and weak HSSs. However, the lower flux following weak HSSs is due to the fact that the temperature of the radiation belt is much less than its pre-dropout value. For the strong HSSs both the temperature and density are greater after dropout than before dropout. This difference likely reflects a weaker and shorter heating rate for weak HSSs compared to strong HSSs. An obvious difference between the two types of event is the duration and peak velocity of sustained fast solar wind. We speculate that the heating mechanism for the outer electron radiation belt is strongly linked to sustained fast solar wind sourced from coronal holes.
[41] The magnetosphere is a highly coupled system of plasmas overlapping in energy and spatial location. Changes in one area can and do produce changes in other parts of the system and the challenge to theoretical models is to reproduce such coupling in a coherent manner [cf. Liemohn et al., 2006] . Other regions in the magnetosphere not covered in this study are also known to exhibit a response to HSSs include the ionosphere [e.g., Tsurutani et al., 2006b; Longden et al., 2008; Pokhotelov et al., 2009; Sojka et al., 2009] and the thermosphere/lower atmosphere [e.g., Clilverd et al., 2010; Rodger et al., 2008; Mlynczak et al., 2008 Mlynczak et al., , 2010 Verronen et al., 2011] . It would be particularly interesting to examine how the response of these regions during HSSs is dependent on the strength of the driving.
[42] Finally we note the obvious fact that despite the similarity between the events used in this study, and despite the smooth nature of many of the average plots presented in this paper, in reality each CIR and each HSS is different to some degree. No account is made of seasonal trends in the choice of HSSs or the role of the Russell-McPherron effect [Russell and McPherron, 1973; McPherron et al., 2009] . One might also ponder whether the structure of the solar wind around the CIR itself [Borovsky and Denton, 2010c] and the nature of the shear zone close to the CIR [cf. Borovsky, 2006] has any influence on the coupling of the solar wind to the magnetosphere when such solar wind structures impinge on the magnetosphere.
Appendix A: Spacecraft Surface Charging During Strong and Weak Driving
[43] Previous studies have revealed the importance of elevated solar wind speed for spacecraft potential [DeForest, 1972; Hastings and Garrett, 1996] and specifically during CME-driven and HSS-driven events [Borovsky et al., 1998b; Denton et al., 2006; Borovsky and Denton, 2006b ]. Here we explore the spacecraft potential on satellites in geosynchronous orbit as a function of HSS strength (speed and duration of fast wind). Figure A1 contains a plot of the (negative) average spacecraft voltage measured by the MPA instrument on LANL satellites around local midnight (22:00-02:00 LT) in geosynchronous orbit as a function of epoch time (x axis: 1 h bins) for 93 strong HSSs (right plot) and 22 weak HSSs (left plot) from five days before to five days after zero epoch (for a determination of the derivation of spacecraft charging voltages from the LANL/MPA measurements, see Thomsen et al. [1999] ).
[44] It is clear that during the calm period prior to both strong HSSs and weak HSSs the spacecraft charging is minimized. Following HSS arrival and the onset of magnetospheric convection (zero epoch), the level of surface charging increases for both strong and weak HSSs. The level of surface charging is significantly greater in magnitude and duration for the strong HSSs than for the weak HSSs. For the strong HSSs the average (negative) charging peaks at $1000 V and is elevated for >4 days. For the weak HSSs the charging peaks at $700 V and remains elevated for $2 days. It is clear by comparison with the solar wind velocity (overplotted in red) that levels of surface charging close to local midnight are elevated whenever the solar wind speed is high and equally whenever the electron plasma sheet temperature remains high (Figure 4) [cf. Borovsky et al., 1998b; Denton and Borovsky, 2009 ].
[45] To investigate this relationship further, we take all available MPA measurements of surface charging between 1989 and 2007 and, after removing magnetosheath intervals, bin these data as a function of local time, and (1) solar wind speed, (2) the Kp index, and (3) the Dst index. This analysis follows the statistical methodology utilized by Korth et al. [1999] and later expanded on by Denton et al. [2005 Denton et al. [ , 2006 . In recent years this methodology has been utilized in several other statistical studies of MPA and SOPA data [e.g., Borovsky and Denton, 2006a ; Figure A1 . Superposed multisatellite averages of negative spacecraft potential measured around local midnight (22:00-02:00 LT) at geosynchronous orbit for 93 strong HSSs (left column) and 22 weak HSSs (right column) from five days before to five days after zero epoch). The average solar wind velocity for these events is overplotted in red. For the strong HSSs the spacecraft potential remains at highly elevated values for over 4 days. For the weak HSSs the spacecraft potential peaks close to zero epoch and then reduces over the following 1-2 days. Blum et al., 2009; Thomsen et al., 2007 Thomsen et al., , 2011 . The methodology utilized here is described in detail by Denton et al. [2005] .
MacDonald
[46] Figure A2 contains plots of the negative average surface charging as measured by LANL/MPA instruments in geosynchronous orbit as a function of local time (x axis: 1 h bins) and (top) the solar wind speed (y axis: 16 bins), (middle) the Dst index (y axis: 24 bins), and (bottom) the Kp index (y axis: 27 bins). Each plot contains the averages of more than 1 million independent data points. The plots show several interesting features. First it is clear that the average negative spacecraft potential is strongly positively correlated with solar wind speed, the ring current/partial ring current strength (negative Dst index), and the strength of magnetospheric convection (Kp index). Note in Figure A2 that the superposed average of spacecraft potential can exceed À1000 V for high-speed wind; individual cases can go even higher (to almost À20 kV [M. Thomsen, private communication, 2011] ). Also note that the local time region where the surface charging is most extreme is centered on local midnight, where the magnetotail plasma sheet flows into the dipolar magnetosphere and where geosynchronous satellites can enter eclipse.
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[48] Philippa Browning thanks the reviewers for their assistance in evaluating this paper. Figure A2 . The multisatellite average negative spacecraft potential (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) at geosynchronous orbit as a function of local time and the solar wind speed (top), the Dst index (middle) and the Kp index (bottom). In general the negative spacecraft potential increases with increasing solar wind speed (VSW), increasing magnetospheric convection (Kp index) and increasing ring current strength (Dst index). At the same time the local time region where elevated negative spacecraft potentials occur spreads dawnward and duskward of local midnight.
